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Nuclear Localization and Transcriptional
Repression Are Confined to Separable Domains
in the Circadian Protein CRYPTOCHROME
Arabidopsis, the carboxyl tail of CRY interacts directly
with Constitutive Photomorphogenic 1 (COP1) protein,
and it is thought that this interaction is necessary to
mediate the blue light response [12, 13]. In Drosophila,
the C-terminal region is involved in mediating light re-
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sponses of CRY by inhibiting interaction with PERIOD
(PER) and TIMELESS (TIM) in the dark [14]. In verte-
brates, the role of these tails is not known.Summary
We asked if the C-terminal domain of CRY is involved
in repression of CLOCK/BMAL1 activation. XenopusCircadian rhythms are driven by molecular clocks
composed of interlocking transcription/translation laevis is an excellent model system to discern the role
of the C terminus of CRY, as it is one of the few organ-feedback loops [1, 2]. CRYPTOCHROME (CRY) pro-
teins are critical components of these clocks [3, 4] isms that contain both CRYs (xCRY1 and xCRY2b) [9]
and PHOTOLYASE (xPHOTOLYASE) [11]. xCRYs andand repress the activity of the transcription factor het-
erodimer CLOCK/BMAL1 [5–7]. Unlike the homolo- xPHOTOLYASE share over 85% homology throughout
the core sequence, but xPHOTOLYASE lacks the ex-gous DNA repair enzyme 6-4 PHOTOLYASE, CRYs
have extended carboxyl-terminal tails and cannot re- tended C-terminal domain present in the xCRYs; this
difference allows structure/function relationships to bepair DNA damage (reviewed in [8]). Unlike mammals,
Xenopus laevis contains both CRYs (xCRYs) and 6-4 easily examined (Figure 1).
Despite their homology, CRYs cannot repair DNAPHOTOLYASE (xPHOTOLYASE), providing an excel-
lent comparative tool to study CRY repressive func- damage like PHOTOLYASE [15, 16]. We have previously
demonstrated that xCRY1 and xCRY2b, like mammaliantion. We can extend findings to CRYs in general be-
cause xCRYs share high sequence homology with CRYs, can suppress xCLOCK/xBMAL1-mediated tran-
scriptional activation [10]; therefore, we tested whethermammalian CRYs [9]. We show here that deletion of
xCRYs’ C-terminal domain produces proteins that are, xPHOTOLYASE could also suppress xCLOCK/xBMAL1
activation. Xenopus 6-4 photolyase was cloned into anlike xPHOTOLYASE, unable to suppress CLOCK/
BMAL1 activation. However, these truncations also expression vector and tested by transient transfection
in Cos-7 cells [10]. As shown previously, cotransfectioncause the proteins to be cytoplasmically localized. A
heterologous nuclear localization signal (NLS) re- of xCLOCK and xBMAL1 leads to transcriptional activa-
tion of a luciferase reporter gene under the control ofstores the truncation mutants’ nuclear localization and
repressive activity. Our results demonstrate that the a basal promoter and CLOCK/BMAL1 binding sites (E
boxes), and expression of xCRY1 causes full suppres-CRYs’ C termini are essential for nuclear localization
but not necessary for the suppression of CLOCK/ sion of this activation. In contrast, xPHOTOLYASE can-
not suppress xCLOCK/xBMAL1 activation, in either lightBMAL1 activation; this finding indicates that these two
functions reside in separable domains. Furthermore, or dark conditions (Figure S1 in the Supplemental Data
available with this article online).the functional differences between CRYs and PHO-
TOLYASE can be attributed to the few amino acid The xCRYs’ carboxyl-terminal region is one of the
major distinguishing features between xCRY1, xCRY2b,changes in the conserved portions of these proteins.
and xPHOTOLYASE. We generated deletion mutations
of xCRY1 and xCRY2b by using the Quick-change muta-Results and Discussion
genesis system (Stratagene) to introduce single or dou-
ble nucleotide changes that cause nonsense mutationsCRYs have been documented from many species of
plants and animals. In vertebrates, CRYs are crucial for and therefore introduced stop codons at specific sites
within the carboxyl tail region of the proteins (Figure 1).maintaining clock function [5, 6] and have two distinct
Four positions were selected to introduce stop codonsdomains. The main body of the protein, which contains
in each of the xCRYs: 1) xCRY1-Q490* and xCRY2b-binding sites for two cofactors, flavin adenine dinucleo-
Q494* introduced stop codons at the end of the regiontide and pterin, is highly conserved among species and
of homology between photolyase and cryptochrome;to the related photolyase family. In plants and nonverte-
2) xCRY1-N506* and xCRY2b-G510* introduced stopbrates, CRYs are photoreceptors, and these cofactors
codons at the end of homology between the two crypt-are thought to act as chromophores [8]: this feature
ochromes; 3) xCRY1-E550* and xCRY2b-K531* and 4)does not appear to be conserved in vertebrates [6, 10].
xCRY1-E603* and xCRY2b-R557* introduced stop co-The CRYs also contain C-terminal tails that are missing
dons at two other sites within the remaining sequences.in PHOTOLYASES, a blue light-activated DNA repair en-
The mutated clones were confirmed by DNA sequenc-zyme [11], and are highly variable between CRYs. In
ing, and the size of the resulting mutated proteins was
confirmed by Western blot analysis (Figure S3 in the
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Figure 1. Alignment of 6-4 xPHOTOLYASE, xCRY1, and xCRY2b
The alignment was generated by ClustalW algorithm (MacVector; Oxford Molecular). The dark gray areas refer to identical amino acids, and
the light gray areas refer to similar amino acids. The white triangles indicate the positions of the xCRY1 C-terminal truncations (xCRY1Q490*,
xCRY1N506*, xCRY1E550*, xCRY1E603*). The black diamonds indicate the positions of the xCRY2b terminal truncations (xCRY2bQ494*,
xCRY2bG510*, xCRY2bK531*, xCRY2bR557). The dotted line indicates xCRY1 putative NLS. The solid line indicates xCRY2b putative NLS.
Accession numbers for cryptochrome are as follows: xCRY1 (AY049033) and xCRY2b (AY049035). Refer to [11] for xPHOTOLYASE. Truncations
were generated with the Quick-change Mutagenesis PCR kit (Stratagene).
the C terminus (xCRY1-Q490* and N506* and xCRY2b- 1, solid line). The region contributing to xCRY1’s function
(between amino acids 550 and 603) does not contain aQ494* and G510*) showed a severe deficiency in func-
tion (Figures 2A and 2B): in these mutants, the xCRYs’ recognizable consensus NLS, although it does contain
some basic amino acids (Figure 1, dotted line). There-ability to suppress xCLOCK/xBMAL1 activation was al-
most totally abolished. Introduction of a STOP codon fore, we hypothesized that these regions might be re-
sponsible for protein nuclear localization, and we exam-at amino acids E550 for xCRY1 and K531 for xCRY2b
also resulted in loss of function, although for xCRY2b ined the localization of the transfected xCRY proteins
within Cos-7 cells by immunocytochemistry (Figures 3Athe effect was less severe. Deficiency in repression by
xCRY2b-K531* is seen at both saturating and subsatur- and 3B, see Table S1 in the Supplemental Data). Similar
levels of staining were seen with all constructs, againating doses (Figure S2). Mutations at the last position
(xCRY1-E603* and xCRY2b-R557*) show almost wild- suggesting that the deficits in repression are not due to
drastically lower protein levels in the mutants. However,type repression. Therefore, the key region contributing
to xCRYs’ function lies between amino acids 550 and the localization of the truncation mutants varied. As ex-
pected, wild-type xCRYs showed predominantly nuclear603 for xCRY1 and 510 and 557 for xCRY2b. Western
blot analysis shows that the mutants and wild-type localization. xCRYs mutated in each of the first three
positions (xCRY1-Q490*, xCRY1-N506*, xCRY1-E550*;xCRY1 are expressed at comparable amounts, indicat-
ing that the defective repression in the mutants with the xCRY2b-Q494*, xCRY2b-G510*, xCRY2b-K531*), which
were defective in repressive activity, all localized pre-most severe deletions is not due to lack of expression
(Figure S3 in the Supplemental Data). dominantly to the cytoplasm. xCRYs with mutations in
the last position (xCRY1-E603*; xCRY2b-R557*), whichAlthough the implicated regions do not resemble any
established protein domain, they do contain clusters of showed normal repression, were localized in the nucleus
(xCRY2b-R557*) or both in the nucleus and cytoplasmpositively charged amino acids. In the region between
xCRY2b-K510 and R557, there are six positively charged (xCRY1-E603*). xPHOTOLYASE, which does not contain
the extra carboxyl tail (but does contain some clustersamino acids arranged in a KX9KRKX10KXR pattern, which
is reminiscent of a nuclear localization signal [17] (Figure of basic amino acids), also localizes to the nucleus, as
Nuclear Localization Directed by CRYs’ C Termini
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Figure 2. xCRY C-Terminal Truncation Mu-
tants Affect Repressive Ability
(A and B) Truncations were generated by in-
troducing stop codons at various positions
(as labeled, see also Figure 1) in the C-ter-
minal sequences in (A) xCRY1 and (B)
xCRY2b. The ability to repress CLOCK/
BMAL1-mediated transcription was mea-
sured in a transient transfection assay in
Cos-7 cells as previously described [10].
Briefly, a reporter plasmid containing the fire-
fly luciferase gene under the control of a basal
promoter and three CLOCK/BMAL1 binding
sites (E boxes) was cotransfected with ex-
pression plasmids containing the xClock,
xbmal1, xcry1, xcry2b, and xcry1 truncation
mutants and xcry2b truncation mutant cDNAs
as indicated below each measurement. One
microgram of total DNA was transfected for
each measurement, and the total amount of
DNA was held constant. Transcriptional ac-
tivity was assessed by measuring luciferase
activity from cell lysates and normalizing to
Renilla luciferase (under the control of a basal
promoter), which served as a control for
transfection efficiency. Each value is an aver-
age of four replicas (SEM), and each experi-
ment was repeated at least three times with
similar results. A triple asterisk indicates that
p  0.001; ANOVA with Tukey-Kramer post-
hoc test comparing (A) wild- type xCRY1 with
mutant xCRY1 and (B) wild-type xCRY2b with
mutant xCRY2b. “ns” indicates “not signif-
icant.”
expected for a DNA repair enzyme (Figures 3A and 3B). itself, which is still intact when the nuclear localization
is rescued. This demonstrates that the repressive do-The predominant cytosolic accumulation of xCRY2b-
K531* was unexpected, given that some repressive ac- main is not localized to the C terminus of the protein.
This is consistent with our previous results that sug-tivity is still present. This might be due to the fact that
undetectable levels of this protein are present in the gested that the core region of CRY is important for its
repressive function, since changes in single key aminonucleus, leaving a low level of xCRY2b-K531* repressive
activity. acid residues within the core can prevent repression,
even when the C terminus is still intact [10]. Since theTo test whether the defect in nuclear localization is
responsible for the loss of repressive function, we core region of the CRYs and PHOTOLYASE proteins is
so conserved, focusing on the few differences betweencloned the truncated xCRY1 and xCRY2b mutants into
a vector containing an in-frame heterologous NLS the two sequences might lead to the understanding of
the molecular mechanism involved in the CRYs’ repres-(PPKKKRKVEGEF) [17] at the N terminus of the xCRYs
and tested each in Cos-7 cells. Results from these ex- sive ability.
Our results show that the C-terminal domains of theperiments show that all mutants containing the heterolo-
gous NLS localize to the nucleus (Figure 4A, Table S2 xCRYs are necessary for nuclear localization, but it is
still unclear if this is achieved via importin binding to anin the Supplemental Data). In addition, localization to
the nucleus renders all constructs fully capable of sup- authentic NLS within the C-terminal domain or via a
more indirect mechanism. During the negative arm ofpressing xCLOCK/xBMAL1 activation (Figure 4B). Res-
cue of the repressive phenotype by the mutants with the feedback loop, mCRY is part of a multimeric complex
bound to DNA, which includes mCLOCK/mBMAL1 andadded NLS occurs over a range of doses, indicating
that this is not an artifact of saturating amounts (Figure mPERIOD (mPER) [18]. CKI epsilon, a serine/threonine
kinase, is also part of this complex, phosphorylatingS4 in the Supplemental Data).
Deletion of the C terminus blocks the CRYs’ repres- mCRYs [19]. mCRYs bind to mPER/CKI epsilon com-
plexes in the cytoplasm [18, 20] and are necessary forsive activity because the proteins are unable to localize
to the nucleus. It does not impair the repressive activity the nuclear accumulation of mPERs [18]. Our experi-
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Figure 3. Truncation Mutants Have Altered Intracellular Localization
(A and B) Immunocytochemistry of wild-type and truncated (A) xCRY1 and (B) xCRY2b. All constructs were cloned into the pCMV-tag2b
vector (Stratagene) and therefore tagged with a Flag tag on the N terminus. Images were obtained by staining Cos-7 cells with anti-Flag
primary antibodies (see the Experimental Procedures in the Supplemental Data). Rhodamine staining is shown in red. Nuclear Hoescht’s
staining is shown in blue. Overlay and colocalization of rhodamine and Hoescht’s stain is shown in purple. Slides were viewed under an
Olympus inverted EPI-fluorescent microscope (IX-70), and the images were taken with an Optronics CCD camera (Optronics). The slides were
randomly numbered, and about 200 cells were counted for each construct transfected (Table S1).
ments allow for the possibility that the C terminus medi- CRYs and PER in Cos-7 cells indicate that, if these cells
do contain PER proteins, they are present at stochiome-ates the nuclear localization of the CRY/PER complex;
in addition, they suggest that the activity involved in the trically insignificant amounts relative to the expressed
proteins [20].formation of the CLOCK/BMAL/CRY/PER/CKI “repres-
sive complex” is localized to the core region of the pro- In summary, these studies show that the CRY proteins
contain two separable functional domains: an amino-tein, and not to the C terminus. The modulatory role of
PER is not fully understood, in part because full repres- terminal domain that carries out the repression of
CLOCK/BMAL1 and a C-terminal domain critical for nu-sion is achieved in vitro with CRY alone. Results from
other studies investigating the interaction between clear localization. Identification of these domains is not
Nuclear Localization Directed by CRYs’ C Termini
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Figure 4. Addition of an NLS Rescues Nuclear Localization and Repressive Function
(A) Immunocytochemistry of wild-type and truncated xCRY1 and xCRY2b cloned in-frame with a heterologous NLS on their N terminus (see
the Experimental Procedures in the Supplemental Data). This figure shows sample ICC pictures. For the quantification of the results for xCRY1
and xCRY2b, see Table S2. Experiments were carried out as described in Figure 3.
(B) Transient transfection assay of the xCRY1 and xCRY2b constructs with added NLS. Experiments were carried out as described in Figure
2. ANOVA with Tukey-Kramer posthoc test comparing wild-type xCRY1 with mutant xCRY1 with added NLS and wild-type xCRY2b with
mutant xCRY2b with added NLS. “ns” indicates “not significant.”
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